ABSTRACT: Novel water-compatible superparamagnetic molecularly imprinted polymers (M-MIPs) were prepared by coating superparamagnetic Fe 3 O 4 nanoparticles with MIPs in a methanol−water reaction system. The M-MIPs were used for the selective adsorption and separation of vanillin from aqueous solution. The M-MIPs were characterized by X-ray powder diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), vibrating sample magnetometry (VSM), and scanning electron microscopy (SEM). Results indicated that a core−shell structure of M-MIPs was obtained by coating a layer of silica and MIPs on the surface of the Fe 3 O 4 nanoparticles. The obtained M-MIPs possess a loose and porous structure and can be rapidly separated from the solution using a magnet. The adsorption experiments showed that the binding capacity of the M-MIPs was significantly higher than that of the superparamagnetic non-molecularly imprinted polymers (M-NIPs). Meanwhile, the adsorption of M-MIPs reached equilibrium within 100 min, and the apparent maximum adsorption quantity (Q max ) and dissociation constant (K d ) were 64.12 μmol g −1 and 58.82 μmol L −1 , respectively. The Scatchard analysis showed that homogeneous binding sites were formed on the M-MIP surface. The recoveries of 83.39−95.58% were achieved when M-MIPs were used for the pre-concentration and selective separation of vanillin in spiked food samples. These results provided the possibility for the separation and enrichment of vanillin from complicated food matrices by M-MIPs.
■ INTRODUCTION
Vanillin (3-methoxy-4-hydroxybenzaldehyde) is an important flavor enhancer that is used to improve the fragrance of commercial foods, cosmetics, and pharmaceutical products. 1−3 Synthetic vanillin, instead of natural vanillin, covers most of the market requirement because of its simple synthesis process with low-cost starting materials. Vanillin is used as an additive, particularly in infant formula foods, to conceal the unpleasant original flavor to increase the appetite of babies. However, excessive intake of vanillin may lead to headache, ill feeling, vomiting, expiratory dyspnea, or even liver and kidney damage. 4 Therefore, determining the appropriate dosage and controlling the intake of vanillin are important.
Several methods for detecting vanillin have been reported, namely, ultraviolet−visible (UV−vis) spectrometry (UV), 5, 6 high-performance liquid chromatography (HPLC), 7, 8 liquid chromatography−mass spectrometry (LC−MS), 9, 10 and gas chromatography−mass spectrometry (GC−MS). 11 UV-based methods do not involve complex pretreatment processes, easily detect vanillin, but are insensitive to crude samples. Although chromatographic methods exhibit high sensitivity and specificity, they consume a significant amount of time in the pretreatment of samples and demand highly sophisticated instrumentation. 6, 12 Therefore, the development of a sensitive and specific method for convenient pretreatment, separation, and enrichment of vanillin from commercial samples is necessary.
Molecular imprinting technology is an attractive method for molecular recognition with high sensibility and selectivity. This technology has been extensively applied in various areas, including biomimetic sensors, 13 solid-phase extraction, 14 chemical and biochemical separation, 15 and mimic enzyme catalysis. 16 Three-dimensional cavities formed during the synthesis process of molecularly imprinted polymers (MIPs) are complementary to the template in terms of shape, size, and functional groups, thereby enabling the re-identification of target molecules. In our previous study, 17 MIPs for vanillin were prepared by precipitation polymerization and applied to solid-phase extraction. However, polymers have some disadvantages, such as weak binding capacity, slow binding kinetics, and complex separation processes. Moreover, Wang et al. 18 used bulk polymerization to synthesize vanillinimprinted polymers and investigated the influence of different porogen agents. However, in this method, a series of complicated post-treatments, including crushing, grinding, sieving, and centrifugation, are necessary. Given the heteroge-neous internal distribution of binding sites, the mass transfer of target molecules from solution to cavities is obstructed by the adsorption of the template on the surface of MIPs, which causes low binding affinity.
To overcome these problems, a surface-imprinting technique combined with magnetic nanoparticles [superparamagnetic MIPs (M-MIPs)] has been applied recently, 19−21 in which most of the binding sites on the surface of polymers are exposed to facilitate the recognition and removal of the template. In addition, magnetic support can be easily isolated from the real samples using a magnet. However, traditional polymerization processes of MIPs are conducted in organic phase, thereby restricting its application in aqueous systems. In recent years, water-compatible MIPs have been developed. For example, tramadol-imprinted polymers embedding SiO 2 − Fe 3 O 4 nanoparticles were prepared in double-distilled water and then used to separate tramadol from human urine samples. The obtained MMIPNPs exhibit high sensitivity and low detection limits. 22 Tao Jing et al. 23 prepared lysozymeimprinted magnetic nanoparticles immersed in phosphate buffer (0.2 mol L −1 , pH 6.2) and reused them 5 times. The high adsorption capability and high saturation magnetization of the lysozyme-imprinted magnetic nanoparticles enable their efficient separation from the crude sample. However, to the best of our knowledge, only a few studies on M-MIPs of vanillin have been conducted.
In this paper, we report the use of a simple method to prepare core−shell M-MIPs in a methanol−water reaction system. The obtained M-MIPs were used for the separation and pre-concentration of vanillin. The Fe 3 O 4 nanoparticles were synthesized by the alkaline co-precipitation method and then coated by a SiO 2 layer, in which the surface was modified by 3-methacryloxypropyltrimethoxysilane (MPS) to form end vinyl bonds that provided reaction sites to induce the occurrence of imprinted polymerization on the surface of the Fe 3 O 4 @SiO 2 @ MPS. Finally, M-MIP particles were prepared for the separation and enrichment of vanillin from the aqueous solution before further HPLC−UV analysis. These M-MIPs are watercompatible and highly selective, and they exhibit fast binding kinetics and can be rapidly separated. 4 · 7H 2 O were dissolved in 100 mL of distilled water with vigorous stirring for 20 min under a nitrogen atmosphere. When the temperature was increased to 60°C, 5 mL of NH 3 ·H 2 O (25−28%, w/w) was injected into the mixture rapidly, and then the solution immediately turned black. The reaction was allowed to proceed for 60 min under a nitrogen atmosphere. The black product was separated from the liquid using a permanent magnet and then washed with distilled water several times until the pH of the washing water was neutral.
■ EXPERIMENTAL SECTION
The obtained Fe 3 O 4 nanoparticles were dispersed homogeneously into 100 mL of distilled water by sonication for 20 min. The magnetic dispersion (10 mL) was mixed with 80 mL of ethanol, followed by the addition of 5 mL of ammonia (25−28%, w/w). Subsequently, 1 mL of TEOS was added drop by drop, and the reaction was maintained for 6 h at 40°C. The obtained Fe 3 O 4 @SiO 2 particles were collected using a magnet, rinsed alternately with ethanol and water 3 times, and then dried under vacuum for 24 h.
MPS, a silane coupling agent, was used to modify the silica surface to enhance the binding capacity between the magnetic particles and the MIPs. In this procedure, 500 mg of Fe 3 O 4 @SiO 2 particles was dispersed in 50 mL of anhydrous toluene by sonication for 20 min, followed by the addition of 10 mL of MPS. The reaction was conducted with reflux for 24 h at 50°C under a nitrogen atmosphere. The resulting Fe 3 O 4 @SiO 2 −MPS was thoroughly washed with toluene and dried under vacuum.
Preparation of M-MIPs. The M-MIPs were synthesized by dissolving 0.68 mmol of vanillin (as template) and 2.72 mmol of MAA (as a functional monomer) in 30 mL of methanol/water (9:1, v/v) solution. After vortex oscillation, the mixture was stored under refrigeration at 4°C overnight to form hydrogen bonds between vanillin and MAA. Subsequently, 100 mg of modified Fe 3 O 4 @SiO 2 , 6.8 mmol of EGDMA (as a cross-linker), and 30 mg of AIBN (as an initiator) were dispersed in 20 mL of methanol/water (9:1, v/v) by sonication for 25 min, followed by the addition of the vanillin−MAA mixture. After nitrogen gas injection, the solution was mixed at 50°C for 8 h, then kept at 60°C for 24 h, and further aged for 6 h at 80°C. The polymer products were eluted with methanol/acetic acid (9:1, v/ v) in a Soxhlet extractor for 48 h to remove the templates. Finally, the obtained M-MIPs were dried under vacuum for 24 h. Superparamagnetic non-MIPs (M-NIPs, as a control) were prepared using the method described previously without the addition of vanillin.
Characterization. Fourier transform infrared (FTIR) spectra were recorded using the FTIR spectrophotometer (Nicolet 5700, Thermo Electron Corporation, Waltham, MA). X-ray powder diffraction (XRD) patterns were recorded using an XRD analyzer (D8-FOCUS, Bruker, Karlsruhe, Germany). Transmission electron microscopy (TEM) images were obtained on a JEOL (JEM-2010HR, Japan) transmission electron microscope. The magnetic properties were examined by vibrating sample magnetometry (VSM, 7407, Lakeshore, Westerville, OH). The amounts of analytes were determined by a HPLC−UV (Agilent Technolologies 1260 Infinity) method. The ZORBAX SB-C18 column with a 250 × 4.6 mm inner diameter was used as the analytical column. HPLC−UV conditions employed were as follows: mobile phase, methanol/water/acetic acid (3:7:0.05, v/v/ v); flow rate, 0.3 mL min −1 ; and detection wavelength, 279 nm, under room temperature.
Binding Experiment. To evaluate the adsorption capacity of MMIPs or M-NIPs, 10 mg of particles was dispersed in 5 mL of vanillin solution with concentrations from 0.04 to 0.15 mmol L −1 . The mixture was incubated at room temperature for 24 h and then separated by a magnet to determine the concentration of vanillin in supernatant solution.
The M-MIPs or M-NIPs (20 mg) were added to 30 mL of 0.08 mmol L −1 vanillin solution to investigate their kinetic adsorption properties. The mixture was incubated in a shaker at room temperature, and samples were obtained at different times. The microspheres were then separated by a magnet to determine the residual concentration of vanillin using a UV spectrophotometer at 279 nm.
Selectivity experiments were conducted using vanillin, methyl vanillin, and ethyl vanillin as structural analogues. M-MIPs (20 mg) or M-NIPs (20 mg) were dispersed into 2.0 mL methanol−water solutions containing 0.08 mmol L −1 vanillin, methyl vanillin, and ethyl vanillin. The amount of vanillin, methyl vanillin, and ethyl vanillin in the supernatant were determined by UV after shaking for 12 h at room temperature. The recognition ability of M-MIPs was evaluated using the imprinting factor (α), which is defined in the following equation:
where Q MIP and Q NIP are the adsorption amounts of the templates or analogues on M-MIPs and M-NIPs, respectively.
Analysis of Vanillin in Real Samples. Several commercial food samples (bread, milk powder, biscuit, and chocolate) were purchased from the local market in Nanchang. The food samples were ground to a fine powder using a mortar and pestle. Food samples (2 g) unspiked or spiked with different concentrations of vanillin standard solutions (2 mL or 0.01, 0.04, or 0.08 mmol L −1 ) and using water (20 mL) were After desorption for 2 h, the template molecule vanillin and adsorbent were easily and rapidly separated using a magnet. The solution containing the template molecule vanillin was dissolved in 2 mL of acetonitrile solvent. The recovery amounts of vanillin in food samples were then determined by HPLC−UV. All of the tests were conducted in triplicate, and the data were reported as the mean values. In addition, matrix interferences could be excluded using selective MMIPs as the extracting agent. The absorbance values were measured by deducting the absorbance of blank samples.
■ RESULTS AND DISCUSSION
Preparation of M-MIPs. The water-compatible M-MIPs of vanillin were synthesized via a multi-step polymerization method, as illustrated in Figure 1 . Superparamagnetic Fe 3 O 4 nanoparticles were produced using the co-precipitation method 24 and then coated with a thin film of silica to enhance the dispersibility of magnetic particles and prevent oxidation. MPS was then allowed to react with the hydroxyl of Fe 3 O 4 @ SiO 2 to introduce vinyl groups, which induced the copolymerization of MIPs to occur on the surface of the microspheres upon the addition of MAA. On the other hand, TEOS has a lot of −OH groups, which can make MPS graft easily onto the Fe 3 O 4 −SiO 2 surface. Finally, the M-MIPs were prepared after the templates were eluted with methanol/acetic acid solution. The obtained M-MIPs enabled the easy recognition, separation, and enrichment of the template from complex food sample samples.
FTIR Spectroscopy. Figure 2A shows the FTIR spectra of 25−27 This finding was not considered in this study, because these particles exhibited similar magnetic properties and either phase allows for the growth of the silica shell on its surface. 28 Furthermore, by comparing the XRD patterns of . The decrease in the magnetization value was due to the formation of thick polymers that covered the M-MIP particles. Moreover, hysteresis did not occur, and remanence and coercivity were zero; thus, both samples were superparamagnetic. As such, the M-MIPs with low M s values could be easily attracted to an external magnetic field at the wall of the vial ( Figure 3C ). When the magnet was removed, the MMIPs were re-dispersed into the solution.
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Morphology Analysis. Figure 4 shows the SEM images of the M-MIPs and M-NIPs. In comparison to the irregular and compact structure of the M-NIPs, the structure of the M-MIPs was loose and porous with many cavities, which facilitated the mass transport and binding kinetics of the template molecules.
Binding Properties of the M-MIPs. To estimate the adsorption capability of the M-MIPs and M-NIPs, static adsorption experiments were conducted using different initial concentrations of vanillin solution. Figure 5A shows that the binding amount of the M-MIPs and M-NIPs for vanillin was increased with the increase in the vanillin concentration. Moreover, the amount of vanillin bound to the M-MIPs was much higher than that bound to the M-NIPs. The Scatchard equation was adopted to evaluate the binding ability of the MMIPs and M-NIPs. 29 The Scatchard equation is expressed as follows:
where Q is the amount of vanillin bound to M-MIPs at equilibrium, Q max is the apparent maximum binding amount, C 0 is the initial concentration of vanillin, C is the concentration of the supernatant at equilibrium, and K d is the dissociation constant.
As shown in Figure 5C Figure 5B , the adsorption capacity of M-MIPs was much higher than that of M-NIPs. The adsorption amount of M-MIPs increased rapidly in the first 30 min, and the curve became relatively flat until reaching equilibrium after approximately 100 min. A similar behavior was observed for the M-NIPs in Figure  5B . Cavities with recognition sites on the surface of the MMIPs were occupied rapidly by template molecules, which increased the difficulty of transferring vanillin into the inner sites. Given that no specific recognition sites matched vanillin in terms of shape, size, and functional groups in the M-NIPs, the binding amount of the M-NIPs was obviously lower than that of the M-MIPs.
To investigate the binding specificity of the M-MIPs, a selectivity test was conducted using structural analogues of vanillin, methyl vanillin, and ethyl vanillin as control compounds. As shown in Figure 5D , the adsorption capacity of the M-NIPs is similar and non-selective for the three compounds because selective recognition sites are absent in the M-NIPs. However, the M-MIPs showed a significantly higher binding capacity for vanillin than methyl vanillin and ethyl vanillin. The binding capacities of the M-MIPs for vanillin, methyl vanillin, and ethyl vanillin were 31.4, 17.4, and 18.6 μmol g −1 , respectively. Accordingly, the imprinting factor values (α) of the M-MIPs for vanillin, methyl vanillin, and ethyl vanillin were 2.66, 1.78, and 1.74, respectively. These results In summary, novel superparamagnetic particles coated with vanillin-imprinted polymer were synthesized using MAA as the functional monomer and EGDMA as the cross-linker. The resultant M-MIPs showed some attractive characteristics, such as higher binding capacity, faster binding kinetics, and quicker separation. The analytical method based on M-MIPs was successfully applied to vanillin analysis in spiked food samples with higher selectivity and concentration. Thus, the approach offers a simple and straightforward technique for selective separation and fast enrichment of vanillin from complicated food matrices. 
